Laboratory-contained microcosms are important for studying the fate and survival of genetically engineered microorganisms. In this study, we describe a simple aquatic microcosm that utilizes survival chambers in a flowthrough or static renewal system. The model was used to study the survival of genetically engineered and wild-type strains of Escherichia coli and Pseudomonas putida in the lake water environment. Temperaturedependent studies indicated that the genetically engineered microorganisms survived better or at least as well as their wild-type counterparts at 15, 25, and 30°C. The genetic determinants of the genetically engineered microorganisms also remained fairly stable within the host cell under the tested conditions. In the presence of organisms indigenous to lake water, E. coli was eliminated after 20 days, whereas P. putida showed an initial decline but was able to stabilize its population after 5 days. A herbicide, Hydrothol-191, caused a significant decline in numbers of P. putida, but no significant difference was observed between the genetically engineered microorganisms and the wild-type strain. The microcosm described is simple, can be easily adapted to study a variety of environmental variables, and has the advantage that the organisms tested are constantly exposed to test waters that are continuously renewed.
At present, the number of cases of deliberate release of genetically engineered bacteria into the environment are few and fairly recent (19) . Prospects for the routine release of genetically engineered organisms into the environment are becoming increasingly feasible. The potential uses of recombinant bacteria in the environment include enhancement in food and agricultural production, biocontrol of insects and diseases, metal and mineral leaching, environmental remediation, and waste treatment (17, 19, 22, 23) .
Deliberate release of such recombinant microorganisms, however, has raised considerable concern and attention among the public and scientific sectors. Questions and issues concerning potential adverse environmental effects are foremost in the minds of many. Genetically engineered microorganisms (GEMS) that are released may have the capacity to reproduce, spread beyond the initial point of release, and transfer their novel genetic information to the indigenous microbial populations. The possibility also exists that recombinant organisms may behave differently from their nonrecombinant parental strains when released into the environment. Such information is therefore needed to properly evaluate and assess the potential impact of GEMs on representative ecosystems.
Although numerous studies have been conducted to study bacterial survival in the natural environment (6, 7, 26, 29) , much of the existing information pertains to naturally occurring pathogens and other microorganisms of public health significance. More recent studies have included other species (27, 31, 36) , but to date few studies have been conducted to determine the fate of recombinant bacteria and their "novel" genes in natural ecosystems. The few reported investigations have dealt mainly with soil systems (3, 10, 11, 38) and activated sludge (13 reported on the survival of GEMs associated with plant surfaces and a plant-feeding insect, Peridroma saucia. However, very little is known about the fate of recombinant bacteria in the aquatic environment. Recently, a method has been devised to pursue such studies with greater precision and sensitivity (9) .
Laboratory-contained microcosms serve an important function in the study of GEMs. Current regulatory standards strongly recommend research with recombinant bacteria only within contained settings (22) . Microcosms can serve as standard test systems that can be adapted to a variety of organisms and environmental conditions. In this report, we describe a microcosm that utilizes membrane diffusion chambers (1, 16, 29) to study the survival and fate of recombinant bacteria in the aquatic environment. The porous membranes of the chamber allow continuous exchange of water, solutes, and nutrients between the chambers and the surrounding waters. A significant advantage of this system is the continuous interaction of the environmental sample, such as that found in natural environments, with the test bacteria.
The microcosm described in this report utilizes modified survival chambers in a simple laboratory setting designed to allow the testing of a variety of environmental variables, including the effects of toxicants. The discharge of toxic materials into the aquatic environment has led to questions regarding the impact of these chemicals on the ecosystem. Of major concern is the effect on aquatic life and water quality (34 (ii) Survival chambers. Survival studies were conducted with membrane diffusion chambers as described by McFeters and Stuart (29) . The internal lumen of the chamber was 6 cm in diameter and 6.5 mm wide. Durapore membrane filters (0.2-p.m pore size; Millipore Corp., Bedford, Mass.) were used instead of cellulosic membrane filters since the former are stronger and more resistant to biodegradation. A thin coating of Lubriseal (Arthur A. Thomas Co., Philadelphia, Pa.) was applied between the membrane filter and chamber walls to ensure a water-tight seal. The chambers and filters were sterilized under UV light (GTE Sylvania Inc., Danvers, Mass.) for at least 2 h and then assembled, with stainless-steel nuts and bolts to secure the chambers.
(iii) Experimental procedures. For all experiments, triplicate chambers were inoculated with 20 ml of washed cells suspended in lake water and then immersed in the abovedescribed microcosms. After certain time intervals, each chamber was removed and shaken well to suspend the cells, and 1.0 ml of suspension was removed to determine bacterial numbers. Bacteria were enumerated by the drop plate technique (20) on LB agar plates for wild-type strains (HB101 and 50014), LB plus HgCl2 (40 pLg ml-') for E. coli 50008, or LB plus tetracycline (25 jig ml-') plus kanamycin (50 ,ug ml-') for P. putida 50058.
(iv) Sterile versus nonsterile conditions. The survival of the genetically engineered strains under sterile and nonsterile conditions was studied by using six chambers inoculated with the appropriate bacterial strain and immersed in lake water as described above. After 60 h, during which bacterial numbers were enumerated every 24 h, three chambers were removed and each was inoculated with 1 ml of lake water.
The chambers were replaced and thereafter represented nonsterile conditions. The lake water was initially screened to ensure that none of the indigenous population grew on the selective media used for the engineered strains. This experiment was conducted at 27°C, using a flowthrough system as described above.
(v) Genetic stability. To study the stability of the engineered genes under the given test conditions, the genetically engineered strains were simultaneously enumerated on both selective and nonselective (LB) media. Stability studies were conducted at 15, 25, and 30°C under sterile conditions.
(vi) Toxicant effect. The effect of toxicants on the survival of P. putida and its engineered strain was studied, using the aquatic herbicide Hydrothol-191 (7-oxabicyclo [2,2,1] heptane-2,3-dicarboxylic acid). Hydrothol-191 is commonly used throughout the state of Florida in lakes and streams for control of aquatic weeds (12) . The herbicide has a half-life of approximately 21 days (35), and suggested application rates are 1 to 5 mg liter-' (33) . The survival response of the two strains of P. putida in lake water amended with hydrothol (final concentration, 1 mg liter-1) was studied by using a static renewal process. A stock solution of (530 mg liter-') was prepared from the liquid formulation (Pennwalt Corp.) containing 53% endothall as the active ingredient. The test water was made by adding appropriate amounts of stock solution to acclimated lake water to produce a hydrothol concentration of 1 mg liter-1 based on percent active ingredient. This water was then added to the tanks containing the survival chambers. The test water for the microcosm was prepared and renewed daily throughout the experiment, which was conducted at 27°C under sterile conditions. Statistical analysis. The data are expressed as mean values ± standard deviation from the mean. Basic computations were performed with the STAT-2 (Stat-Soft Inc., Tulsa, Okla.) statistical program. Exponential decline rate models were fit to the population data by performing linear regression on logarithmic CFUs against time. Rates of population change were compared by a modified t test (39) to determine significant differences in survival rates between bacterial strains. RESULTS Survival studies. The effect of temperature on the survival pattern of wild-type and genetically engineered strains of E. coli and P. putida is shown in Fig. 1 to 3 . Rates of population change are summarized in Table 1 . At 15°C (Fig. 1) , the rates of population change were similar for both wild-type and genetically modified strains. All four strains exhibited only a slight decrease in numbers after 19 days of incubation at 15°C. The rate of population change (log1o CFU day-1) for wild-type P. putida (-0.06) was not significantly different from that of the engineered strain, 50058 (-0.08). However, a significant difference (P < 0.001) was noted between the rates of population change for the two strains of E. coli. putida at 15°C in lake water. Symbols: U and 0, wild-type and GEM strains, respectively, recovered on nonselective medium; 0, GEM strains recovered on selective medium.
Wild-type HB101 showed a greater decline in numbers (approximately 1 log) than the engineered strain (<0.5 log) after a period of 19 days (Fig. 1) .
Rates of decline were greater at 25°C (Fig. 2) than at 15°C. The rate of population change for wild-type P. putida (-0.19) was significantly different (P < 0.01) from that of the engineered strain (-0.08). No significant difference was noted between the survival rates of the two strains of E. coli.
The greatest decline in numbers was observed at 30°C (Fig. 3) . Rates of population change for P. putida 50014 and 50058 were -0.21 and -0.11, respectively. After 19 days, wild-type P. putida decreased by almost 4 logs, as compared with the engineered strain, which showed only a 2-log decrease. The difference in the survival rates between the two strains was highly significant (P < 0.005). The two Fig. 1. strains of E. coli also exhibited similar trends. Rates of population change for E. coli HB101 and 50008 were -0.19 and -0.13, respectively. The wild-type strain showed a greater decline (4 logs) than the engineered strain (2.5 logs). This difference was shown to be highly significant (P < 0.001).
Genetic stability. The stability of the engineered genes was determined by plating the genetically engineered strains on both selective and nonselective media. The results (Fig. 1 to  3) indicate that the engineered genes were relatively stable, with no loss occurring after up to 19 days of incubation at 15, 25, or 30°C. There was no significant difference between the rates of population change for strains grown on either selective or nonselective medium at any of the three temperature regimens.
Survival in sterile versus nonsterile conditions. The effect of the indigenous lake water microorganisms on the population dynamics of the genetically engineered strains are shown in Fig. 4 . The arrows indicate the time at which the indigenous microorganisms were introduced into the chambers. Prior to the addition of lake water to the chambers, both strains showed an increase in numbers from an initial concentration of approximately 3.0 x 103 to 1.0 x 105 for P. putida and 2.0 X 103 to 5.0 x 104 for E. coli. Addition of indigenous microorganisms caused an initial sharp decline in numbers for both species. However, P. putida numbers remained stable after 3 days in the presence of the indigenous organisms, unlike E. coli, which showed a steady decline and was B~~~~~~~~~~~P totally eliminated after 21 days. Under sterile conditions, rates of decline were lower and a higher population density was maintained. The rates of population change at 250C for E. coli under sterile (-0.07) and nonsterile (-0.17) conditions were significantly different (P < 0.001). The rates of change for P. putida were similar under sterile (-0.06) and nonsterile (-0.07) conditions. Statistical analysis (modified t test) showed no significant difference between the two survival rates after addition of the indigenous organisms. However, population densities under nonsterile conditions were significantly lower (P < 0.05) than under sterile conditions. This difference is due to the initial sharp decline in numbers immediately following the addition of indigenous organisms. After 2 to 3 days, P. putida was able to stabilize its numbers and rate of decline. Although the results suggest that there is no significant difference in survival rates between sterile and nonsterile conditions, it is important to note that the indigenous population did have a significant effect on population density.
Survival in the presence of a herbicide. The effect of the herbicide Hydrothol-191 (final concentration, 1 mg liter-1) on the survival of wild-type P. putida (50014) and its engineered strain (50058) is shown in Fig. 5 . Both strains showed significantly (P < 0.05) higher rates of decline in the presence of 1 ,ug of hydrothol ml-' as compared with the control with no toxicant. The rates of change for wild-type P. putida, however, were not significantly different from that of the engineered strain (50058) in the presence or absence of the toxicant. environments. In this study, we applied the model to study the effect of selected environmental factors on the survival of two genetically engineered strains and their respective parent strains. It has been suggested that the presence of the "foreign" DNA in recombinant microbial strains may affect or alter the host bacteria in subtle ways that may affect its ecology or population dynamics (4, 11) . Our study indicates that such may be the case for the two bacterial species tested. Temperature-dependent studies indicated significant differences between the parent and genetically engineered strains under certain conditions. The E. coli parent strain (HB101) exhibited significantly higher rates of population decline from its engineered counterpart at 15 and 30°C. P. putida, however, showed similar trends between the parent strain and its modified strain at 25 and 30°C.
The results indicate that the two genetically engineered strains were better able to survive under the given conditions than their parent strains. This would suggest that the presence or addition of plasmids to a host bacteria is not necessarily a burden for the organism and may actually improve the fitness of the cell in certain environments (11) . It has been shown that the nonessential cos fragment of lambda phage actually enhances maintenance of the host and plasmid (14) . Biel and Hartl (5) also reported on the ability of a TnS mutant E. coli to outcompete the wild-type strain under nonselective conditions. The presence of foreign DNA may also cause physiological changes in the host such as increased virulence, enhanced antibiotic resistance, and changes in the utilization of carbohydrates, amino acids, and organic acids (25) .
Walter et al. (38) also noted inconsistent survival patterns between GEMs and their parent strains in soil extracts.
Their study concluded that recombinant DNA plasmids had no significant effect on the survival of the recombinant strains tested. Morel et al. (30) reported no significant difference between the survival pattern of two GEMs and their parent strains in the corn rhizosphere. Dywer et al. (13) also noted no significant difference in survival between a genetically engineered Pseudomonas sp. and its parent strain in activated sludge. In our study, the addition of recombinant DNA appears to have altered and improved the host response to temperature. Interestingly, this response is not consistent at all three temperatures. The recombinant DNA may also afford these organisms a selective advantage over their parent strains in terms of increased resistance to extraneous pollutants. Lake Alice serves as a receiving body for treated wastewater and therefore can potentially contain mercury, antibiotics, and phages at any given time. This may account partly for the better survival rates of the recombinant strains in this study.
The ability of the genetically engineered strains to survive and compete in the presence of indigenous microorganisms was tested by adding lake water to survival chambers containing GEMs and comparing their survival rates with those of GEMs under sterile conditions. A significant decline in numbers was noted for both species in the presence of indigenous microorganisms. Similar results have been reported in soil studies, using other genetically engineered strains (10, 11, 30, 38) . The decline in numbers can be attributed to both competition and predation by the indigenous organisms. Several studies (15, 36, 37) have shown the importance of protozoans in controlling bacterial populations. Competition for nutrients has also been shown to be a critical factor for survival (27) . In a study of the factors affecting the survival and growth of introduced bacteria in lake water, Scheuerman et al. (36) changes that are not truly representative of the natural test system. This problem is eliminated in our system by the constant exchange of materials between the chambers and the surrounding water, which is also constantly being renewed. Such a design allows the organisms to be studied under conditions similar to those found in nature. Using a similarly designed microcosm model, McFeters et al. (28) showed that the survival rates of various pathogens in groundwater were similar to those found under in situ conditions. Flowthrough rates can also be regulated depending on the aquatic system being tested. This model can also be easily adapted to study other aspects of GEM-associated environmental release such as genetic transfer and persistence.
